The formation behavior of a single bubble in power-law fluids (carboxymethyl cellulose solution, CMC) and Newtonian fluids (glycerol solution) was experimentally investigated via a high-speed camera. The effects of liquid property, orifice diameter and gas flow rate on bubble volume and aspect ratio were observed. It was found that the formation time and detaching volume increased with the increase of fluid viscosity. The increase of bubble aspect ratio during the bubble formation process was complex, with main emphasis on the decrease in the initial stage and an increase in the final stage along with the shear thinning property variation. Nevertheless, the bubble detaching volume, instantaneous volume and formation time increased following the increase of orifice diameter and gas flow rate. On the contrary, the bubble aspect ratio decreased with the orifice diameter increase but increased with a higher gas flow rate.
INTRODUCTION
The bubble motion in liquid phases is broadly encountered in many industrial processes, such as chemical, biochemical, mineral and environmental processes (Chhabra, 2006; . In these processes, the formation behavior of bubbles has aroused wide concern due to its influence on bubble volume, velocity, gas holdup and residence time, which can further affect the mass transfer, heat transfer and chemical reactions between gas-liquid phases (Plesset et al., 2003) . Thus, a profound understanding of the bubble formation process in liquid phases is essential for optimizing the design of gas-liquid equipment, and significant efforts have been devoted in the last few decades. The earliest studies on the formation of a single bubble can be found in the work of Bashforth et al. (1883) . Afterwards, numerous experimental and numerical simulation studies on bubble formation have been undertaken. In the 1970s, Kumar et al. (1970) studied the mechanism of bubble formation under different operational conditions. Tsuge et al. (1986) conducted the hydrodynamics of bubble formation from single orifices and discussed various proposed models for the process of bubble formation. Zhang et al. (2001) explored bubble formation and interaction on a plate orifice, and Gnyloskurenko et al. (2003) investigated the effect of wettability of the orifice on bubble formation. In the study of Pamperin et al. (1995) , it is reported that the bubble departure diameter was proportional to the capillary diameter under micro-gravity circumstances. Kulkarni et al. (2005) reviewed the progresses and advancements on the research of bubble formation up to 2005, in which most of the proposed models for bubble formation are included and the effect of various system properties on various growth phases in the process are keenly discussed. More recently, Vakhshouri et al. (2009) examined the effects of the plenum chamber volume on bubble formation frequency, initial bubble size, and orifice velocity fluctuations, and hence developed a two-stage mechanistic model for bubble formation at a single orifice submerged in a gas-solid fluidized bed. Xie et al. (2012) experimentally investigated the formation and detachment of the bubbles generated from an immersed micro-orifice on a plate in a stagnant and isothermal liquid. In addition to the experimental investigation, many researchers are dedicated to simulating the process of bubble formation by the direct numerical simulation (DNS) technique with prosperous computational methodology (Gerlach et al., 2007; Ma et al., 2012; Albdawi et al 2003; Wielhorski et al., 2014; Zahedi et al., 2014; Islam et al., 2015; Chakraborty et al. 2015) .
These prior studies generally focused on Newtonian fluids, whereas it should be recognized that most fluids encountered in many industrially important applications (such as polymer, food, sewage sludge, slurries, and fermentation) display various non-Newtonian characteristics, including shear-thinning, shear-thickening, yield stress and viscoelastic characteristics (Chhabra et al., 2006) . Despite their wide occurrence in diverse industrial applications, much less is known for bubble formation in non-Newtonian fluids due to their complicated rheological properties. Nevertheless, few studies have reported on the formation mechanism of bubbles in non-Newtonian fluids in spite of these inherent difficulties. The evolution of single bubble detaching volume under various operating conditions has been observed in early studies, with some simplified models for the bubble detaching volume established (Acharya et al., 1978; Teraska et al., 1991; Miyahara et al., 1988) . On the basis of a force balance analysis, Li et al. (2002) developed a novel theoretical model for the non-spherical bubble formation at an orifice submerged in a non-Newtonian fluid by introducing the effects of inline interactions between two consecutive bubbles. Fan et al. (2014) numerically investigated the bubble generation in non-Newtonian fluids using the CLSVOF method and evaluated the variation of bubble volume and aspect ratio.
The power-law fluid is a typical type of non-Newtonian fluid, the apparent viscosity variation of which could be described by a power-law model. Moreover, this non-Newtonian fluid has multiple applications. For example, it can play the role of thickener in the food industry, or be employed as polymer-flooding agent in order to enhance oil recovery. This study was undertaken to determine the influence of several noteworthy variables, including fluid rheological properties, gas flow rate and orifice diameter, on the bubble formation in Newtonian and power-law fluids. By means of a high-speed digital camera, the instantaneous volume, detaching volume and shape of the bubble were recorded along with the bubble formation process in a single orifice. The results of this study are expected to extend the understanding of the factors affecting bubble formation and to be conducive to offering some insight into optimization of related process.
EXPERIMENTAL

Apparatus
The studies of bubble formation in power-law fluids were carried out using the experimental set-up shown in Figure 1 . The principal part of the bubble formation system was a rectangular bubble column with a size of 0.15 m×0.15 m×50 m. On this scale, the wall effect on bubble formation can be neglected according to our previous research . Nitrogen was injected via an orifice at the bottom of the bubble column from a gas cylinder by valve and rotameter (within ±0.01 cm 3 /s). The orifices were made of 1 mm thick stainless steel. The inner diameters of the orifices used in the experiments were 1.0 mm, 1.6 mm and 2.4 mm, respectively. Three different gas-flow rates, 0.2 ml/s, 0.6 ml/s and 1.0 ml/s, were investigated. The bubble formation process was determined using a high-speed camera (Motion Pro Y5, RED-LAKE Global USA) with a lens (Nikon, 24-85 mm/ f2.8-4). In this work, the process of bubble formation was captured at a rate of 100 frames/s with the resolution of 500×1728 pixels. The selected sequence of frames was analyzed using Matlab 6.0 with a selfwritten code. All experiments were carried out at room temperature under constant pressure. 
Materials
In this paper, nitrogen with purity of 99.9 vol. % was used as the gas phase. Glycerin aqueous solution Brazilian Journal of Chemical Engineering Vol. 34, No. 01, pp. 183 -191, January -March, 2017 (50 wt %) was used as the referenced Newtonian fluid. CMC aqueous solutions with different concentration (0.35 wt %, 0.5 wt % and 0.7 wt %) were used as the referenced power-law fluids. Densities of the liquids were measured using a density meter (AntonPaar, DMA5000, Austria) with an accuracy of ±1.0%. The rheological properties were determined using a programmatic rheometer (Brookfield, DV-III, USA) with shear rate ranging from 0.1 to 1000 s -1
. The results are shown in Figure 2 . From Figure 2 , it can be observed that CMC solutions show shear thinning behavior. The variation of the apparent viscosity with shear rate could be described by the power-law model (Carreau et al., 1972) :
where K is the consistency index and n presents the flow index. The physical properties of the experimental fluids are listed in Table 1 . 
THE FORCES ACTING ON A BUBBLE IN THE FORMATION PROCESS
The motion behavior of bubbles in the liquid phase is the result of the combination of diverse forces acting on the bubble, such as buoyancy, inertia force, surface tension, gravity force, the force from other bubbles, the forces from the liquid phase and forces from solid interfaces. However, the influence of forces on the bubble volume, formation time and bubble shape are different. The theoretical description of those forces is stated as follows: Buoyancy:
where, V is the volume of the bubble, l  and g  are the density of the liquid phase and gas phase, respectively, and g is the gravitational acceleration. Adhesive force of the orifice:
where, Do is the diameter of the bubble, and σ is the surface tension of the liquids. The force of gas flow momentum:
where, Q is the gas flow rate. Bubble gravity:
where, d is the diameter of the bubble. Drag force:
where b U is the velocity of the bubble centre, and CD is the drag coefficient of the bubble. In low Reynolds number, the bubble drag coefficient could be expressed as 16 / Re  D C according to Hadamard-Ribczynky (1962) theory. For powerlaw fluids, the Reynolds number of the bubble is defined as:
The force due to the wake of the former bubble:
where vw is the wake velocity of the previous detached bubble.
In accordance with Schlichting's (1968) theory, the wake velocity profile of the leading bubble can be denoted as follows:
where Ub1 is the velocity of the previous bubble, x is the distance from the base of the previous bubble. r is the radial distance from the centre of the leading bubble base. CD1 is the drag coefficient of the previous bubble.  is the viscosity of the experimental fluids, which could be calculated by Eq. (1). This bubble formation ends when the sum of detaching forces is larger than or equal to that of the attaching forces, which can be stated as:
The above listed forces mainly influence the bubble formation time, thus impacting the bubble volume. In the case of bubble shape, an extra surface tension should be included apart from the above-listed influencing forces. The surface tension of the bubble can be described as:
RESULTS AND DISCUSSION
The Bubble Formation Process Figure 3 shows the sequence of bubble formation in the Newtonian fluid (Figure 3a ) and shear-thinning fluids (Figure 3b ) with the conditions of Q=0.6 ml/s and Do=2.0 mm. The evolution is recorded at the moment when the gas-liquid interface just stands out on the orifice, and this is defined as the initial bubble growth point. It can be seen from Figure 3 that the main period of bubble formation could be divided into three remarkable stages: bubble nucleation, bubble growth and necking. Although the mechanisms of bubble evolution are similar regardless of Newtonian fluid or shear-thinning fluids, differences in bubble shape and volume during the stages are revealed. During the nucleation stage, the bubble emerges from the orifice in the form of a spherical segment, which transforms into part of a sphere while its periphery remains constant. As to the bubble growth stage, the bubble then expands greatly in length and radial direction, and the shape varies in different fluids. In the case of 50 wt% glycerol solution, bubble configuration remains part of a sphere-like shape while its base attaches to the orifice. However, the bubble becomes elongated in the 0.5 wt% CMC solution, and then expands while moving upwards, followed by substantial distortion of the bubble configuration in comparison with a spherical shape. In the final necking stage, additional gas is fed into the bubble, leading to the continuous growth in bubble size. The bubble lifts away from the orifice, but is still attached to it through a neck, which also grows with time. When the sum of detaching forces is larger than or equal to that of the attaching forces, the neck is cut off and the bubble detaches. The differences in bubble shape evolution can be attributed to the different rheological properties of glycerol solution and CMC solutions. It can be observed from Figure 2 that CMC solutions show noticeable shear thinning behavior. Li et al. (1997) simulated the passage of bubbles by exerting consecutive shear rates of glycerol solutions and CMC solutions in a rheometer. They found that, after the passage of a leading bubble, the memory effect of CMC solutions held the shear-thinning process for a certain period, which results in the decrease in local viscosity of the previous bubble wake. Nevertheless, this effect is not expected to occur in a Newtonian fluid. Therefore, the decrease in the viscosity of the previous bubble wake can influence the formation of following bubbles by two aspects. On the one hand, it increases the force due to the wake of the previous bubble (i.e., 
Besides, it decreases the viscous resistance right above the bubble. Accordingly, the bubble shape formed in CMC solutions is more elongated than that in Newtonian fluids.
The Influence of Liquid Rheological Properties
The bubble formation process in different fluids with Q=0.6 ml/s and DO=2.0 mm were conducted as shown in Figure 4 . It can be seen that, except for the formation time and detaching volume, the variation of bubble instantaneous volume displays a less pronounced change for different fluids during the formation process, although the variation curves of bubble volume with time slightly intersect. This trend is consistent with the report of Acharya et al (1978) . The slight intersecting of variation curves could be explained by the difference in surface tension of the tested fluids. As the bubble starts to generate, the gas flow must be against the liquid film of the orifice, the strength of which depends on the surface tension of the fluids. It can be found from Table 1 that the surface tension of 50 wt% glycerol is the lowest of the tested fluids, and the surface tension of CMC solutions increases with increasing CMC concentration, but the difference is quite slight due to the small surface tension margin of the tested fluids. With the formation process approaching to the end, the bubble attaching to the orifice goes through a narrow neck, leading to a slower growth in bubble size. It can be seen from Figure 4 that the formation time of a bubble in 50 wt% glycerol is shorter than that in CMC solution, in which the formation time of the bubble increases with the increase of the solution concentration. Hence, the variation curves of bubble volume with time slightly intersect. Yet, it should also be noted that the distinctions in the bubble formation time and detaching volume in different fluids are apparent. For 50 wt% glycerol solution, the formation time is 0.32 s and the detaching volume is 135×10 . For a bubble rising in a liquid, the shear rate (ie U/d) is less than 100 s -1 , thus for viscosity, 50 wt% glycerol＜0.35 wt% CMC＜0.50 wt% CMC＜0.70 wt% CMC. Martín et al. (2006) experimentally studied the influence of liquid viscosity on the bubble volume and formation time, and proposed that the velocity of the liquid layer of the gasliquid interface must equal the velocity of the gas in its outer layer. As the viscosity increases, the velocity of the liquid layer is smaller, allowing the bubble to grow further until the bubble neck is cut. Additionally, an increase of the liquid viscosity is able to enhance the drag force (i.e.
) and reduce the force due to the wake of the former bubble (i.e., ). Hence, the bubble volume and formation time increase along with the elevation of liquid viscosity.
The sequence of instantaneous states of bubble formation in Figure 3 could only roughly describe the evolution of bubble shape. Therefore, the aspect ratio is introduced as follows in order to more precisely describe the bubble shape evolution in the formation process.
where b and a are the vertical diameter and horizontal diameter, respectively. The influence of the liquid rheological properties on the variation of the bubble aspect ratio is presented in Figure 5 . It is found that evolutions of the bubble shape in different liquids follow a similar tendency, by which the aspect ratios increase with prolonged time. For power-law fluids, the increase rate of the aspect ratio in the bubble nucleation stage declines as the concentration of the CMC solution increases, but shows an opposite trend along with the increase of the CMC solution concentration at the stage of bubble growth and necking. For 50 wt% glycerol solution, the aspect ratio initially increases rapidly with time, arriving at a maximum value (1.08) at 0.05 s. Afterwards, it falls to about 1.04 at 0.16 s, and then reaches about 1.1 at the detaching period. In the study of Xie et al. (2012) , it was found that a time interval indeed exists between the former bubble departure and the following bubble formation. The gas phase space pressure gradually increases caused by the persistent gas supplement. Once the gas-liquid interface of the orifice is broken through and the gas is pushed up, a new bubble formation process will get started. The vertical velocity of gas is greater because of the inertia effect, and the vertical velocity of gas would gradually disappear due to the existence of the liquid viscosity. Therefore, in the bubble nucleation stage, the increase of the aspect ratio in 50 wt% glycerol solution is fastest owing to the lowest viscosity, and the rate decreases with the increase of CMC solution concentration. As the process goes forward, the vertical velocity of the gas vanishes, due to the viscosity force and a buffer of bubble intracavity, and the viscosity force and the surface tension gradually become dominating. With respect to 50 wt% glycerol solution, the viscosity and surface tension are constant in all directions. Hence, the increase of the aspect ratio is so slow that the bubble shape is nearly spherical in the bubble growth stage. On the contrary, the increase of aspect ratio of CMC solution exhibits a prompt trend with the concentration increasing at the stages of bubble growth. This distinction can be ascribed to the reduced viscosity of the liquid above the bubble, which is caused by the shear-thinning effect from the transformation of CMC concentration. 
The Influence of Orifice Diameter
The comparison of bubble volume in 0.5 wt% CMC solution (Q=0.6 ml/s) with three different orifice diameters is shown in Figure 6 . The orifice diameter shows a considerable effect on the bubble detaching volume and instantaneous volume. The bubble detaching volume, instantaneous volume and formation time increase with enlargement of the orifice diameter. As known from section 3.1, the force of gas flow and adhesive force of the orifice are closely associated with the orifice diameter. With increasing orifice diameter, the adhesive force of the orifice increases, whereas the detaching force of the gas flow decreases. Eventually, the change in the force status of the bubble during the formation process affects the bubble formation time. Meanwhile, the bubble detaching volume and instantaneous volume increase as well.
The influence of orifice diameter on bubble aspect ratio in 0.5 wt% CMC solution (Q=0.6 ml/s) is shown in Figure 7 . It can be observed from Figure 7 that the bubble aspect ratio decreases with the increase of orifice diameter. On the basis of the conclusions drawn above, the smaller the orifice diameter, the shorter the bubble formation time, which means the frequency of the bubble generation escalates with smaller orifice diameter at the same gas flow rate. The bubblebubble interactions are strengthened as well. In this case, the wake of the previous bubble has a greater influence on the generating bubble, by which Fw increases. Meanwhile, the viscosity of the liquid on the top of the generated bubble is thinner than that of other area around the bubble. The result of the two impacts above gives rise to the bubble being more elongated with smaller orifice diameter. 
The Influence of Gas Flow Rate
The bubble formation process for different gas flow rates with 0.5 wt% CMC solution and DO=2.0 mm was performed as demonstrated in Figure 8 . The bubble volume profile shows that, when the gas flow rate increases, the instantaneous and detachment volume of the bubble increase, but the bubble formation time significantly shortens. It should be noted that the density of gas phase can be considered to be constant in the process of bubble formation. Besides, the gas flow (FM) and the force of the former bubble wake (FW) increase with the rising gas flow, resulting in higher formation frequency and shorter formation time of the bubble. Nevertheless, both the instantaneous and detached volumes increase due to the high gas flow rate. The above results agree well with simulated results obtained by the VOF method (Fan et al., 2014) . Figure 9 depicts the influence of gas flow rate upon the bubble aspect ratio. In Figure 9 , it is observed that the bubble aspect ratio increases with increasing the gas flow rate. One of the crucial reasons is that the force of gas flow momentum (FM in Eq. (4)) is strengthened along with the gas flow rate increase, which further promotes a bubble more stretched in the perpendicular direction. In addition, the former bubble wake (FW) also increases owing to the increasing bubble generation frequency, which will result in the viscosity of the liquid above the forming bubble being thinner than that of other areas around the bubble. 
CONCLUSIONS
Bubble formation in shear-thinning fluids (CMC solutions of different concentration) and Newtonian fluids (50 wt% glycerol solution) at different orifice diameters and gas flow rates were studied experimentally using a high-speed camera. The effects of the liquid property, gas flow rate and orifice diameter on volume variation and shape evolution were investigated respectively, from which the following conclusions were drawn.
(1) The bubble volume and formation time increase with the increase of fluid viscosity. The viscosity and rheological property play a notable role in bubble shape evolution. For 50 wt% glycerol solution, the increase of the aspect ratio is fastest owing to the low viscosity in the bubble nucleation stage, and then slowly declines, giving rise to the spherical bubble shape in the bubble growth stage. With regard to power-law fluids, the increase of the aspect ratio in the bubble nucleation stage decreases as the concentration of CMC solution increases at the bubble nucleation stage, and then presents an increase in the stages of bubble growth and necking due to the shear-thinning effect of CMC concentration.
(2) The orifice diameter greatly influences the bubble detaching volume and instantaneous volume. The bubble detaching volume, instantaneous volume and formation time increase significantly with enlargement of the orifice diameter. Besides, the bubble aspect ratio decreases as the orifice diameter increases.
(3) Both the instantaneous and detachment volume of the bubble increase when the gas flow rate rises, but the bubble formation time shortens obviously. The bubble aspect ratio shows an increasing tendency as well. gratefully acknowledged. 
